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ABSTRACT 
Development of high-quality products and processes is easier with broader, integrated 
knowledge of the transformations that lead to final quality. A framework for the 
determination of Young's modulus (as an indicator of texture) for porous media 
multiphase models was developed and applied to a range of thermal food processes. 
This framework is easily implementable in commercial software and therefore has 
wide usage. The development of the fundamental framework for quality prediction of 
food processes and their implementation in commercial software requires local 
temperature and moisture from the fundamental physics-based process description. 
Experiments were conducted to verify the change in the Young's modulus during 
these processes. The general framework developed makes it possible to predict the 
quality during different processes such as frying, baking, microwave heating and 
drying, starting from the same knowledge base. This can speed up product and 
process design, including development of novel products and processes. 
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CHAPTER 1
TEXTURE PREDICTION DURING DEEP FRYING: A MECHANISTIC
APPROACH
1.1 Abstract
A framework for fundamental physics-based prediction of texture was devel-
oped whereby changes in Young’s modulus in potato strips during frying could
be predicted by combining modulus changes with temperature and moisture
with predictions of the latter from fundamental physics-based process model.
Moisture and temperature dependence of Young’s modulus was obtained from
experiment. Process model for frying was based on multiphase porous media
based transport equations. Effective value of Young’s modulus for a potato strip
was obtained from local values of modulus predicted by the model through ho-
mogenization. The predictions were validated using measured Young’s modu-
lus during frying. Such a model-based prediction providing insight into texture
development during a frying process (both as function of time as well as spa-
tially) within the potato strip will be difficult to achieve from direct experimen-
tation. Precise effects of increased sample size and reduced oil temperature in
slowing down the texture development are shown. Since the model is physics-
based, the prediction framework can be extended to processes other than frying,
allowing fundamental-based quality prediction in general.
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Nomenclature
c concentration, kg m 3
cp specific heat capacity, J kg 1K 1
C molar density, kmol m 3
De f f ;g effective gas diffusivity, m2s 1
D diffusivity, m2 s 1
h heat transfer coefficient, W m 2 K 1
hm mass transfer coefficient of vapor, m s 1
I˙ volumetric evaporation rate, kg m 3 s 1
k thermal conductivity, W m 2 K 1
kp permeability, m2
K non-equilibrium evaporation constant
m overall mass fraction
M = S ww=((1   )s) moisture content (d.b.)
Ma, Mv molecular weight of air and vapor
n total flux, kg m 2 s 1
P; p total pressure and partial pressure, respectively, Pa
R universal gas constant, (J kmol 1 K 1)
S saturation
t time, s
T temperature
u velocity, m s 1
V volume, m3
x mole fraction
2
Greek Symbols
 density, kg m 3
 latent heat of vaporization, J kg 1
!v, !a mass fraction of vapor and air in relation to total gas
 porosity
 dynamic viscosity, Pa s
Subscripts
amb ambient
a, g, o, s, v, w air, gas, oil, solid, vapor, water
cap capillary
e f f effective
eq equilibrium
in intrinsic
sat saturation
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1.2 Introduction and Objectives
Frying is a popular and industrially important food process. One of the pri-
mary determinants of quality of a fried food is its texture. Thus, prediction of
texture development during frying can help us understand ways to manipulate
the frying process (to achieve desired texture) and provide increasing ability for
automation of the frying process.
During frying, the food is immersed into the oil at a high temperature that
leads to vaporization of the water in the food. The food material first softens
(Young’s modulus decreases) due to thermal degradation from higher temper-
ature and then, as it loses moisture, its modulus starts to increase. Both ther-
mal degradation and texture development are functions of temperature and
moisture (levels and/or history) that the food undergoes. Kinetics of textural
changes have been studied by a number of researchers (Aguilar et al. 1997; Du
Pont et al. 1992; Pedreschi, 2001). Change in Young’s modulus of the crust
during frying has been studied (Scanlon and Ross, 2004) experimentally but a
physics-basedmodel would provide clear relationship between the temperature
and moisture changes and texture development.
Because the stimulus in texture perception is mainly mechanical, texture
evaluation is done by mechanical measurements. Although many of these mea-
surements cannot be related to a fundamental mechanical property, Young’s
modulus, that is a fundamental property (Figura and Teixeira, 2007), has been
used as an accepted measure of texture (Vickers, et al. 1980; Rojo, et al., 2009).
For example, Vickers (1980) has shown a linear dependence between crispness
and Young’s modulus. Thus, Young’s modulus will be used as a measure for
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texture in our study. It is a measure of the stiffness of an isotropic elastic mate-
rial and is defined as the ratio of the uniaxial stress over the uniaxial strain in
the range of stress in which Hooke’s Law holds.
In this study, our hypothesis was that the Young’s modulus of a fried food
(potato) is a function of temperature history and moisture level. Thus, if the
change in Young’s modulus with temperature and moisture is known, then pre-
dicting temperature and moisture will make it possible to predict Young’s mod-
ulus during frying. We will use a physics-based model to predict temperature
and moisture and combine these two parameters (or their histories as the case
may be) to how they affect Young’s modulus (obtained experimentally). This
way we should be able to the predict the modulus development during frying,
from product and process parameters. The predicted Young’s modulus will be
verified from direct experimental measurements of the same.
The manuscript is organized as follows. We first describe how the Young’s
modulus at a location (local values) is formulated in terms of its temperature
and moisture dependence, and how an averaged Young’s modulus is obtained
from local values. Amultiphase porousmedia transport model is described that
provides the local temperature and moisture information and ultimately the
Young’s modulus, based on experimental relationships. Experiments to mea-
sure the effective Young’s modulus at various times during frying are described.
Results are described in terms of spatial and temporal changes in temperature,
moisture and Young’s modulus during frying and how they are affected by
product parameter (sample size) and process parameter (oil temperature).
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1.3 Problem Formulation
In this section, the mathematical modeling framework is developed for pre-
dicting Young’s modulus during frying. Frying process involves simultaneous
heat and mass transfer with changes in the materials that vary with space and
time. A multiphase porous media based model for frying is developed that
provides local temperature and moisture throughout the domain of the potato
being fried. Using the local temperature and moisture content and the changes
in Young’s modulus with temperature and moisture obtained experimentally,
local Young’s modulus is computed. By performing a mechanical stress-strain
analysis on the potato with the locally varying Young’s modulus, an effective
modulus of the potato is found.
1.3.1 Schematic
Potato in the shape of a French fry is considered here (Figure 1.1) with a size of
5  5  50 mm and a square cross-sectional area of 5 mm  5 mm. Considering
it is long in the other dimension, a 2D heat and mass transfer analysis would be
considered appropriate. Symmetry will further reduce the size of the domain.
6
5 
cm
5 mm
5 mm
5 mm
2.5 mm
2.5 mm
Flux condition
(a) (b)
Figure 1.1: Schematic of the a) potato strip and the b) geometry used in
computational model
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1.3.2 Moisture and temperature dependence of Young’s modu-
lus: local values
The Young’s modulus of potato was determined as a function of temperature
and moisture content using mechanical measurements. The first-order kinetics
for change in Young’s modulus is written as (Lee, 2007):
@Y
@t
=  k fY (1.1)
where Y is Young’s modulus. The temperature dependence of the rate constant
is expressed by the Arrhenius equation
k f = ko exp
 Ea
RT

(1.2)
where k f is the rate constant at time t.
The model of fractional conversion provides improved accuracy and relia-
bility in determining the texture degradation kinetics of vegetables (Rizvi and
Tong, 1997). This fractional conversion model is used in the study. The frac-
tional conversion model is derived from the first-order model. When using
Young’s modulus as a property, the fractional conversion model is written as:
f =
Yo   Y
Yo   Y1 (1.3)
where Yo is initial modulus, Y is modulus at static time t, Y1 is modulus ob-
tained after long times and f is the fractional conversion factor. Therefore, using
Eqn. 1.3, the first order equation (Eqn. 1.1) is written as:
@(1   f )
@t
=  k f (1   f ) (1.4)
The temperature dependence is defined by the Arrhenius relationship.
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In addition to temperature, there is moisture effect on Young’s modulus.
Change in Young’s modulus with moisture content will be obtained experimen-
tally.
Effects of both moisture content and temperature on Young’s modulus were
included to obtain their combined effect as
@Y
@t
=
@Y
@M
@M
@t
+
@Y
@T
@T
@t
(1.5)
where M and T are the local (at a location) values of moisture content and tem-
perature, respectively.
Experimentally, the local values of Young’s modulus with temperature and
moisture content were ensured by using a very thin sample (about 1 mm thick)
for measurements.
1.3.3 Moisture and temperature dependence of Young’s modu-
lus: Effective values through homogenization
Since the temperature and moisture histories will vary spatially, Young’s mod-
ulus, Y as given by Eq. 1.5, will vary throughout the material. From these local
values of Young’s modulus, an effective value is needed that relates to sensory
or typical instrumental value of texture. Process of obtaining effective or overall
value from local values is called homogenization. Essentially, the effective value
is obtained by performing mechanical analysis of the cross section with spa-
tially varying modulus and, from the stress-strain information, computing the
effective modulus. A static elastic iso-strain force-deformation problem with
uniaxial loading is set up for the sample cross-section. An iso-strain level of 1.0
9
% is applied in one direction distributed over the cross-section to obtain effec-
tive modulus. Effective values of Young’s modulus are computed using:
Ye f f =
R
sur fdA
0:01A
(1.6)
This effective value of Young’s modulus (Eq. 1.6), considered representative of
texture, depends on local values of Young’s modulus that in turn depends on
moisture content and temperature that are obtained from process model as de-
scribed below.
1.3.4 Frying model
The fundamentals-based model of multiphase heat and mass transfer in porous
media from the work of Halder, et al. (2007) is used here. This model treats
the food as a porous media and transport equations are developed for each of
the phases of liquid water, vapor, air and oil. Several modes of transport are
included. The process temperature and moisture predictions of this model have
been validated against experimental data. Only essential details of the model
are provided below and the reader is referred to Halder, et al. (2007) for further
details.
Governing equations
Conservation equations are developed for all phases and components inside
any phase, energy and Darcy flow in a porous media. Porosity, , is defined as
the fraction of the total volume occupied by pores, given by
 =
P
i=w;g;o
4Vi
4V (1.7)
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where 4Vi is the volume occupied by the ith phase in an elemental volume 4V .
Saturation of a phase is defined as the fraction of volume of the pore occupied
by a particular phase
S i =
4Vi
4V (1.8)
where i stands for water, oil or gas.
Mass balance equation for a phase solves for saturation of the phase in an
element. Saturations S w and S o are obtained from mass balance equations for
liquid water and oil, respectively
@
@t
(wS w) + r  (uww) = r  (Dw;capr(wS w))   I˙ (1.9)
@
@t
(oS o) + r  (uoo) = r  (Do;capr(oS o)) (1.10)
S w + S g + S o = 1 (1.11)
In Eqs. 1.9 and 1.10, the total flux of the liquid (water or oil) is due to the
liquid pressure, P   pcap, which is the difference between gas pressure and cap-
illary pressure. This total flux term can be rewritten (e.g., see Datta, 2007), for
example, for water as
nw =  w
kpin;wk
p
r;w
w
r(P   pcap) (1.12)
=  w
kpin;wk
p
r;w
w
rP + w
kpin;wk
p
r;w
w
@pcap
@S w
rS w (1.13)
The first term in this equation is rewritten in terms of velocity, uw, as explained
later. The second term is rewritten in terms of capillary diffusivity, Dw;cap, given
by
Dw;cap =  
kpin;wk
p
r;w
w
@pcap
@S w
(1.14)
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Similarly, capillary diffusivity of oil is defined by
Do;cap =  
kpin;ok
p
r;o
o
@pcap
@S o
(1.15)
The gas phase is a mixture of water-vapor and air. Spatial variations of con-
centration of water-vapor and air during frying are obtained from solving the
respective mass conservation equations in terms of their mass fractions, !v and
!a, with binary diffusion
@(gS g!v)
@t
+ r  (ugg!v) = r 
0BBBB@S gC2g
g
MaMvDe f f ;grxv
1CCCCA + I˙ (1.16)
!v + !a = 1 (1.17)
Darcy’s equation for each phase in porous media replaces the standard mo-
mentum conservation (Navier-Stokes) equation. Since the effect of capillary
pressure is included as a diffusion term, velocity of each phase is due to total
pressure gradient as given by
ui =  
kpr;ik
p
in;i
i
rP (1.18)
where i stands for water, oil or gas. The components of a phase (e.g., air and
water vapor in gas phase) share the same velocity.
The total pressure, P, is calculated by solving the overall mass balance equa-
tion for the gas phase
@
@t
(S gg) + r  ( g
kpr;gk
p
in;g
g
rP) = I˙ (1.19)
Since thermal equilibrium is assumed to exist between all phases (e.g., all phases
have the same temperature), energy balance equation of the mixture (Eq. 1.20)
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is solved to calculate T
@
@t
(e cp;eT ) + r  ((cpu) f luidT ) = r  (kerT )   I˙ (1.20)
The properties of themixture are averages of phase properties weighted by their
mass or volume fractions. Equations 1.9, 1.10, 1.11, 1.16 and 1.20 are solved,
together with the boundary conditions below, to obtain moisture and tempera-
ture, among other variables.
Boundary Conditions
As shown in Fig 1.1, to simulate a 2D situation, no flux conditions for mass
species and energy are specified at boundaries other than x = 0 and y = 0.
B.C. for Eq. 1.19: Psurf = Pamb (1.21)
B.C. for Eq. ??: qsurf = h(Tamb   Tsurf )   ( + cp;wT )nw;surf
 cp;vTnv;surf   cp;oTambno;surf (1.22)
B.C. for Eq. 1.9: nw;surf = hmS w(g;surf!v;surf   v;amb) (1.23)
B.C. for Eq. 1.10: S o;surf = S o1 (1.24)
B.C. for Eq. 1.16: nv;surf = hmS g(g;surf!v;surf   v;amb) (1.25)
Input parameters and solutions process
The input parameters to the model are shown in Table 1.1. Properties of restruc-
tured potato, used by Halder, et al. (2007), were replaced by those of a regular
potato and model was revalidated for these properties, as discussed in the Re-
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sults section. The equations above are solved in a commercial software, COM-
SOL Multiphysics. As discussed earlier, further solution details are provided in
Halder, et al. (2007).
1.4 Experimental Details
1.4.1 Drying experiments: Determination of moisture depen-
dence of Young’s modulus
Potato samples (Russet Idaho variety), clear of visible flaws, were used to study
the change in mechanical properties. Thin slices of potato (size 8  8  1 mm)
were cut from the potato tuber. The average moisture content of a raw potato
was found to be around 4.0 dry basis (db). By using a small sample, the drying
and heating processes are assumed to occur uniformly throughout the sample.
This allowed us to obtain local properties.
To determine the dependence of Young’s modulus on moisture content, the
sample was dried at 23C and a constant relative humidity of 50% and the mass
of the sample and its Young’s modulus were recorded as a function of time. The
Young’s modulus values were determined using the DMA Analyzer (discussed
later in Section 1.4.5). The mass of the sample was recorded using a balance
with an accuracy of 10 5g. The rate of drying (occurring over a period of 1-2
seconds due to change in velocity) during the sample transfer is neglected.
According to the ASAE Standard, the moisture content of a potato is evalu-
ated by drying it for 24 hours at 72C (Mazza, 1982). In our study, it was found
14
Table 1.1: Input parameters used in the simulations
Parameter Value Source
Density (kg/m3)
water (w) 998
vapor (v) Ideal gas
air a Ideal gas
oil o 879 Tseng et al.(1996)
solid s 1528 Farkas et al. (1996b)
Specific heat capacity (J/kg K)
water, cpw Eq. 45 Halder, et.al. (2007)
vapor, cpv Eq. 46 Halder, et.al. (2007)
air, cpa 1006 Choi and Okos (1986)
oil, cpo 2223 Choi and Okos (1986)
solid, cps 1650 Choi and Okos (1986)
Thermal conductivity (W/m K )
water, kw Eq. 47 Halder, et.al. (2007)
vapor, kv 0.026 Choi and Okos (1986)
air, ka 0.026 Choi and Okos (1986)
oil, (corn) ko 0.17 Lewis (1987)
solid, ks 0.21 Choi and Okos (1986)
Intrinsic permeability (m2)
water, kpin;w 5  10 14 Ni and Datta (1999)
air and vapor, kpin;g 10  10 14 Ni and Datta (1999)
oil, kpin;o 5  10 14 Ni and Datta (1999)
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Table 1.1 (Continued)
Parameter Value Source
Capillary diffusivity
water, Dw;cap Eq. 8 Halder, et.al. (2007)
air and vapor, Do;cap Eq. 9 Halder, et.al. (2007)
Viscosity (Pa s)
water, w 0:988  10 3
air and vapor, g 1:8  10 5
oil, o 5:05  10 6 exp(2725T ) Tseng et al.(1996)
Heat transfer coefficient (W/m2K)
Frying, h Fig. 3a Halder, et.al. (2007)
Mass transfer coefficient (m/s), hm Fig. 3b Halder, et.al. (2007)
Latent heat of vaporisation (J/kg),  2:26  106
Porosity,  0.88 Ni et al. (1999)
Vapor diffusivity in air (m2/s ), De ;g 2:6  10 6
Ambient pressure (Pa), Pamb 101325
that the difference in the weight at the end of the room temperature drying pro-
cess and after drying for 24 hours at 72C was less than 0.001g. Thus, moisture
content values reported are based on the weight at the end of the drying exper-
iments. This is attributed to the small size (1mm thickness) of the sample.
All samples that had been once used for measurement of either moisture or
Young’s modulus were discarded. All suchmeasurements were replicated three
times to enhance the confidence and check variability. This provided the depen-
dence of the Young’s modulus on moisture content at constant temperature.
1.4.2 Heating in water: Determination of temperature depen-
dence of Young’s modulus (softening kinetics)
Dependence of Young’s modulus on temperature and heating time (kinetics of
softening) at constant moisture content was determined by heating the samples
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in water at two different temperatures of 85C and 95C, respectively. The sam-
ple size used was 8 8 1mm. The effect of any change in the moisture content
during the entire heating process (samples lost moisture around 8% but the ab-
solute moisture level was high) on Young’s modulus was considered negligible
in comparison to the temperature effect on the modulus. The temperature of a
sample was measured by inserting a thermocouple from the edge of the potato
slice during the entire process.
Samples were taken out of the water and their Young’s modulus values at
that time instant were measured in a DMA Analyzer for the two heating tem-
peratures of 85C and 95C, respectively. A controlled furnace in the Analyzer
maintained the environmental air temperature equal to the corresponding wa-
ter temperature (85C or 95C) to minimize cooling of the sample. A sample
was discarded after each measurement, i.e., a fresh sample was used for each
duration of heating. For each time the Young’s modulus was measured, three
replications were done (using a different sample each time).
By curve fitting the Young’s modulus versus time data (Fig. 1.2 shows this
data for heating at 85C) using Eq. 1.1, k f was obtained for each of the two
temperatures (85C or 95C). These k f versus temperature values were fitted
with Eq. 1.2 to obtain Ea. These values are shown in Tables 1.2 and 1.3.
17
Y
o
u
n
g
’s
 m
o
d
u
lu
s 
(M
P
a
)
Time (s)
0
0.05
0.1
0.15
0.2
0.25
0 100 200 300 400 500 600 700 800
Figure 1.2: Change in Young’s modulus with time while heating in water
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1.4.3 Frying experiments
Moisture content and Young’s modulus were measured at different time steps
during frying. Same potatoes, as mentioned earlier, and pure corn oil were used
to carry out the frying experiments. The potatoes were washed and peeled be-
fore cutting. The potato samples of size 5  5  50 mm were used for the frying
experiments. Two slices per sampling time were fried in 300 ml of hot oil in a
fume hood at each of the four temperatures (140C, 150C, 160C, and 170C).
One of the samples was used formeasurement of moisture content and the other
for measuring Young’s modulus. The temperature of the sample was measured
by inserting a thermocouple from the edge of the potato during the entire pro-
cess. The moisture content was measured by putting the fried sample in the
oven for 24 hours at 72C, following ASAE standards. Both of these samples
were discarded after the measurement and a fresh sample was used for a differ-
ent duration of frying. Three sets of such experiments were performed for each
value of oil temperature and frying duration.
For each selected sampling time, the slices were drained by patting on ab-
sorbent paper after frying and put in DMA within a few seconds to measure
their mechanical properties. The chamber in DMAwhere the samplewas placed
was temperature controlled and frying temperature was maintained inside the
chamber.
1.4.4 Mechanical properties
Young’s modulus was measured using compression tests in a Q800-0666-DMA
Q800 Analyzer during the processes of constant temperature drying, heating
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in water and frying. The strain rate of the probe was 1.0%, which is within
the elastic range in the case of potato (Skinner, 1983). The Young’s modulus was
determined using the compression test at each stage of drying (at different levels
of moisture), water heating and frying. This was done by applying a constant
strain on the material for 30 seconds and measuring the corresponding stress
generated, from which Young’s modulus was obtained.
1.5 Results and Discussion
Kinetics of changes in Young’s modulus with moisture and temperature, ob-
tained experimentally, is presented first. Temperature, moisture and Young’s
modulus changes during frying, as predicted by the model, are presented next,
along with experimental data, whenever appropriate. Effect of sample size and
oil temperature on modulus development during frying is presented as sensi-
tivity analysis to the model.
1.5.1 Kinetics of changes in Young’s modulus with moisture
and temperature
As shown in Fig. 1.3, Young’s modulus increases with decreasing moisture con-
tent. The solid line shows the data used as input parameters in mechanical
analysis in COMSOL Multiphysics. The decrease in moisture content results in
the sample toughening. This toughening of the sample leads to an increase in
the Young’s modulus as can be seen in Fig. 1.3. Temperature effect on Young’s
modulus, obtained from heating experiments described earlier, are shown in
20
Table 1.2: Determination of kinetic parameters at 85C
k f (/min.) Ea (kJ/mol)
0.372 53.95
0.5595 92.83
0.6579 70.93
Table 1.3: Determination of kinetic parameters at 95C
k f (/min.) Ea (kJ/mol)
0.1165 65.95
0.1494 40.34
0.4712 86.78
Tables 1.2 and 1.3, respectively.
1.5.2 Changes in moisture and temperature during frying
Fig. 1.4 shows the change in moisture content during frying of potato strips,
obtained from the model as well as from experiment. The comparison between
models predictions and experimental data is quite reasonable, especially con-
sidering there are no fitting parameters in the model. Fig. 1.5 shows how the
values of moisture content vary spatially throughout the domain of the food
material.
Similarly, temperature of the crust with time was compared with measured
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temperature at the crust, as shown in Fig. 1.6. Representative spatial variation
of temperature within the potato cross section is shown in Fig. 1.7.
1.5.3 Changes in Young’s modulus during frying
Effective values of Young’s modulus, obtained as described under Problem For-
mulation, are presented in Fig. 1.8 during frying of a 5  5 mm sample. These
predictions at four different oil temperatures are also compared with the corre-
sponding experimentally obtained values, showing good comparisons.
It can be added here that since the size of the sample (5 5mm) being some-
what small, the initial softening due to rise in temperature occurs in the center
only for small durations. This is followed by crust development that is the dom-
inant effect of moisture loss. However, as the drop in Young’s modulus (due to
rising temperature effect) is small compared to its increase due to moisture loss,
the effective values of the Young’s modulus are never seen to drop.
Another interesting observation is the near linear relation between the val-
ues of effective Young’s modulus and volumetric average Young’s modulus de-
fined as
Yvol =
R
Ydv
V
(1.26)
as shown in Fig. 1.9. As it is easier to compute the values of volumetric aver-
age Young’s modulus (by averaging the local information obtained on Young’s
modulus), in some situations volumetric average modulus may suffice.
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Figure 1.5: Spatial variation of moisture content after 200 s
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Figure 1.7: Spatial variation of temperature during frying after 200 s
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1.5.4 Effect of sample size on texture development
Moisture loss during frying is slower for larger sizes, as expected (shown in
Fig. 1.10a). This results in continued softening (decreased Young’s modulus or
staying low) of the sample before starting to increase due to moisture loss, as
shown in Fig. 1.10b. Thus, with increase in sample size, texture development
is slower (Young’s modulus is lower). Fig. 1.11 shows the differences in time
taken for samples of different sizes to reach the same (desired) level of Young’s
modulus. It is interesting to note that the time taken to reach the desired level
of texture is linearly proportional to the sample size. Such relationships provide
insight into the texture development process and allows easy implementation
of the findings in a process control system.
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1.5.5 Effect of oil temperature on texture development
Fig. 1.12b shows the changes in Young’s modulus during frying of a 5 mm sam-
ple at different oil temperatures. As expected, with increasing oil temperature,
moisture loss is quicker (Fig. 1.12a). The time taken by the sample to reach the
desired value of Young’s modulus (signifying texture) decreases with increase
in oil temperature as shown in Fig. 1.13. Analogous to the effect of sample size
on frying time (to reach the same desired value of Young’s modulus), an in-
crease in the oil temperature also results in a decrease in frying time, although
the decrease is not really linear.
Crispness of food is known to increase with higher oil temperature (Loon,
2005). This goes well with our observation in Fig. 1.13 that for a particular du-
ration of frying, the Young’s modulus of the sample is higher when fried at a
higher temperature.
32
T
im
e
 (
m
in
)
2
3
4
5
6
7
8
9
3 4 5 6 7 8 9 10 11
Size (mm)
Figure 1.11: Time required by various sample sizes to reach the same de-
sired texture level (Young’s modulus value of 1.08MPa), as
obtained from Fig. 1.10b
33
00.5
1
1.5
2
2.5
3
3.5
4
4.5
0 1 2 3 4
Y
o
u
n
g
’s
 m
o
d
u
lu
s 
(M
P
a
)
Time (min)
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
0 1 2 3 4 5
140˚C
150˚C
160˚C
170˚C
desired level of texture
M
o
is
tu
re
 c
o
n
te
n
t 
(d
b
)
170˚C
140˚C
150˚C
160˚C
Figure 1.12: Effect of oil temperature on variation of a) moisture and b)
Young’s modulus with time during frying. As oil tempera-
ture increases, there is less of a lag time before modulus starts
to increase. Also, modulus increase is faster for higher oil tem-
perature since moisture loss is faster
34
Oil temperature (˚C)
T
im
e
 (
m
in
)
2.4
2.5
2.6
2.7
2.8
2.9
3
3.1
3.2
3.3
140 150 160 170
Figure 1.13: Time required at various oil temperatures to reach the same
desired texture level (Young’s modulus value of 1.08), as ob-
tained from Fig. 1.12b
35
1.6 Conclusions
Using moisture and temperature variation of Young’s modulus measured from
experiment, it was possible to predict texture (Young’s modulus) development
during frying of potato strips from physics-based or mechanistic model, with-
out any fitting parameters. The predictions were validated using measured
Young’s modulus during frying. Such a model-based prediction provided in-
sight into spatial and temporal variation of texture during a frying process and
how it is affected by sample size and oil temperature. Since themodel is physics-
based, the prediction framework can be extended to processes other than frying,
allowing fundamental-based quality prediction in related processes such as dry-
ing and baking.
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CHAPTER 2
A FRAMEWORK FOR SIMULATION OF TEXTURE DEVELOPMENT
DURING DRYING AND RELATED PROCESSES
2.1 Abstract
Using Young’smodulus as ameasure for texture, a framework for predicting the
effective modulus of a solid food material is extended to four moisture removal
processes. The effective modulus is predicted using mechanical analysis from
local modulus values that depend on transient moisture and temperature. For
the process of frying, the development of modulus could be predicted from the
same dependence of moisture and temperature as was done for frying in an
earlier study. These predictions compared well with experimentally measured
modulus. The prediction framework is then extended to the processes of baking
and microwave heating. The moisture and temperature information needed
for prediction of modulus is in turn obtained from multiphase porous media-
based models of the processes, thus making physics-based texture prediction
possible from process and product parameters. Texture development during
four moisture removal processes are compared with each other and the effect of
oven temperature and sample size is discussed.
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Nomenclature
c concentration, kg m 3
cp specific heat capacity, J kg 1K 1
C molar density, kmol m 3
De f f ;g effective gas diffusivity, m2s 1
D diffusivity, m2 s 1
h heat transfer coefficient, W m 2 K 1
hm mass transfer coefficient of vapor, m s 1
I˙ volumetric evaporation rate, kg m 3 s 1
k thermal conductivity, W m 2 K 1
kp permeability, m2
K non-equilibrium evaporation constant
m overall mass fraction
M = S ww=((1   )s) moisture content (d.b.)
Ma, Mv molecular weight of air and vapor
n total flux, kg m 2 s 1
P; p total pressure and partial pressure, respectively, Pa
R universal gas constant, (J kmol 1 K 1)
S saturation
t time, s
T temperature
u velocity, m s 1
V volume, m3
x mole fraction
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Greek Symbols
 density, kg m 3
 latent heat of vaporization, J kg 1
!v, !a mass fraction of vapor and air in relation to total gas
 porosity
 dynamic viscosity, Pa s
Subscripts
amb ambient
a, g, s, v, w air, gas, solid, vapor, water
cap capillary
e f f effective
eq equilibrium
in intrinsic
r relative, residual
sat saturation
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2.2 Introduction and Objectives
Although texture development in foods is a widely studied subject (e.g., Ti-
jskens and Luyten, 2004), it is typically studied empirically. Completely empir-
ical models of texture, which are often used to study food texture, can be useful
for specific situations and for applications such as automated process control,
but they do not provide much understanding of the fundamental mechanisms
involved. Investigations using such models are frequently limited to a particu-
lar food under study, so that the results cannot be generalized. A framework for
a quantitative, first-principle-based understanding of food quality should make
science-based decision-making and problem solving for food product and pro-
cess developers easier. Such a framework should also prove to be useful in an
education environment. For example, texture development in processes that can
provide alternatives to deep frying (and thus be more desirable from a health
standpoint) can be better understood so that such processes can be developed
in a more predictable manner.
Food process models that have become increasingly sophisticated in recent
years (e.g., Farid, 2010; Sablani et al., 2007) typically stop at predicting basic
parameters such as temperature and moisture and are incapable of predicting
a mechanical quality parameter such as texture. However, as described in the
following paragraph, such models can offer a starting point for texture predic-
tion. Once the kinetics of texture developments are known, it may be possible to
combine the kinetics of texture development with process models to predict tex-
ture development from a more fundamental approach than has been reported
in the literature.
45
Process models themselves are not the focus of this study. We have devel-
oped a porous-media-based framework (Datta, 2007) that can effectively model
a large class of food processes such as baking, drying, frying, and microwave
heating. We will use or develop (depending on what already exists in the lit-
erature) individual process models based on this porous-media framework of
process models. In these processes, often significant internal evaporation and
resulting pressure generation lead to pressure-driven flow. Both the spatially
varying rates of internal evaporation and the pressure-driven flow make the
physics quite complex, but are critical components providing a realistic process
description that is essential for quality prediction. The flow of three phasesair,
water vapor, and liquid waterin a porous medium is considered here. Flow
of other phases such as oil is also included in an analogous manner (Thussu
and Datta, 2010). Local thermal (not moisture) equilibrium is assumed, and all
gases are assumed to be ideal. Mass conservation of the three phases are set
up. The mass fluxes consist of not just diffusion (for gases) or capillary diffu-
sion (for liquid), but also of pressure-driven flow of all vapor, air, and water.
Although many drying models exist in the literature, the general applicability
of this porous-media-based model over many processes makes it ideal for de-
veloping a generalized framework for texture development that can transcend
simple drying and be applicable to many other processes.
Changes in mechanical properties during a drying process have been stud-
ied for various materials (e.g., Borrega et al., 2009; Krokida et al., 1998). In the
case of potato, two mechanisms of degradation of structural components and
formation of irreversible hydrogen bonds contribute to changes in mechanical
properties (Lee, et al., 2007). Gelatinization of potato starch at 61.1C (Shiot-
subo, 1984) can cause significant changes in mechanical properties (Lee, et al.,
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2007). However, dependence of mechanical properties on moisture and tem-
perature has not been appropriately quantified in a manner useful for analysis
using solid mechanics.
Although texture is hard to quantify in terms of engineering measurements,
Young’s modulus has been shown to be a relevant parameter to characterize
systems such as cellular materials that are soft solids (Walstra, 2003) under con-
ditions that prevail in the mouth during chewing. Textural attributes such as
hardness and softness can be related to Young’s modulus (Figura and Teixeira,
2007). The mechanical properties are due to the presence of structural elements
in the food: cell walls, colloidal particles, biopolymer networks. Processing af-
fects these structural elements because of chemical and physical reactions. Like
any property, Young’s modulus may vary with position in the material since the
temperature or moisture histories may also vary within the material. The over-
all property of the material will be a composite (in the mechanical sense) of the
locally varying properties. If the kinetics of the property changes are known, the
quality kinetics can be combined with the process model to obtain local quality,
from which the overall quality can be obtained following ideas from solid me-
chanics (Nemat-Nasser and Hori, 1999). This approach has been successfully
applied to a simple process of cooking of potatoes in water where the property
is a only function of temperature history only (Lee et al., 2007). Developing such
a fundamentals-based prediction of texture as a function of both moisture and
temperature that applies to more than one process is the objective of this study.
The manuscript is organized as follows. The process model formulation for
drying, baking, and microwave heating of potato strips is developed. Exper-
iments to measure Young’s modulus as a function of the drying time of the
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potato strips are described. Results for temperature, moisture, and Young’s
modulus development with time during drying are shown from computation
and compared with experimental results, for various drying temperatures. Pre-
dictions of texture are extended to the processes of baking, frying and mi-
crowave heating and the four processes are compared side by side.
2.3 Mathematical Model
In this section, a mathematical framework is developed for predicting Young’s
modulus of a food material (potato), during the processes of drying, baking
and microwave heating. The framework involves multiphase porous media
based process-model that provides temperature and moisture fields through-
out the domain of the food sample. Relationship between Young’s modulus of
the food material and its moisture and temperature content is experimentally
determined. Now, once the temperature and moisture fields are predicted from
the process model, the local Young’s modulus values in the food sample can be
estimated. A stress-strain analysis is then performed, in which The food mate-
rial is then subjected to fixed uniaxial compression strain (small) to obtain the
resulting. The ratio between the predicted stress and the applied strain is then
defined as the effective Young’s modulus of the material. Since the tempera-
ture and moisture fields vary with the process duration, the effective Young’s
modulus also varies.
Mathematically, the net rate of change of Young’s modulus is the sum of
changes due to temperature and moisture, expressed as:
dE
dt
=
@E
@M
dM
dt
+
@E
@T
dT
dt
(2.1)
48
where M and T are the local (at a location) values of moisture content and tem-
perature, respectively. Experimental determination of temperature and mois-
ture dependence of Young’s modulus (@E
@T and
@E
@M , respectively) is discussed else-
where (Thussu and Datta, 2010). Rates of change of temperature and moisture
( dTdt and
dM
dt , respectively) are obtained from the process model.
2.3.1 Schematic
Prediction of effective Young’s modulus during drying of a potato strip (Fig-
ure 2.1), with dimensions of 5 mm  5 mm  50 mm is considered for model
validation. As the strip is long in one direction, a 2D heat and mass transfer
analysis on the square cross-section (5 mm  5 mm) is considered to determine
temperature and moisture fields. Symmetry further reduces the domain size.
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Figure 2.1: Schematic of the potato strip and the geometry used in COM-
SOL
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2.3.2 Process Model
Modeling for food processes using the multiphase porous media approach has
been reviewed elsewhere (Datta, 2007). In this section, only the governing equa-
tions relevant to the processes under consideration are briefly summarized and
the reader should refer to Datta (2007) for details.
Assumptions
1) All phases are in continuum; 2) All phases are in local thermal equilibrium,
which means temperature is shared by al the phases; 3) Shrinkage of the food
material is ignored.
Governing Equations
The governing equations for non-isothermal transport of two-phases (liquid
water and gas) in an unsaturated porous medium comprise of energy conser-
vation and mass conservation of gas phase, cg, water vapor, cv, and liquid water
phase, cw, respectively:

e cp;e
 @T
@t
+
X
~ni:r

cp;iT

= r:

ke f frT

  I˙ + Q˙ (2.2)
@cg
@t
+ r:

~ng

= I˙ (2.3)
@cv
@t
+ r:  ~nv = I˙ (2.4)
@cw
@t
+ r:  ~nw =  I˙ (2.5)
The energy equation is used to solve for temperature, T and the mass conser-
vation equations for their respective concentrations. The gas concentration, cg,
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is related to pressure by invoking the ideal gas law. The same set of govern-
ing equations is used for all three processes, the one difference being the heat
source term, Q˙ is non-zero only for the microwave heating process (more later).
The volumetric heat source term, Q˙, in microwave heating is given by Lambert’s
law (Ni et al., 1999):
Q =
Qsur f
(x)
exp
 
 
Z
dx
(x)
!
(2.6)
where Qsur f is themicrowave flux at the surface and (x) is the penetration depth
of microwaves at a distance x from the surface. The penetration depth is a func-
tion of moisture content.
The boundary conditions for multiphase porous media model are discussed
in detailed in Halder et al. 2007 for the frying process. For the processes con-
sidered in the study, the boundary conditions for the two exposed surfaces (top
surface and the right side surface in Figure 2.1) remain the same. Only the val-
ues of heat and mass transfer coefficients at the exposed boundary change are
process dependent (as discussed in the Input Parameters section). The proper-
ties of the sample are averages of the phase properties by their mass or volume
fractions (also discussed in Halder et al., 2007).
2.3.3 Input Parameters
The model of frying (Halder, 2007) is a multiphase porous media model which
can be extended to processes like drying, baking and microwave heating with
relatively minor changes, as basic physics behind all these processes is same.
In order to model drying, there is a change in the heat transfer coefficient to
20 W/m2K (Hanreich and Nicolics, 2001) and the mass transfer coefficient to
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Table 2.1: Input parameters used in the simulations
Parameter Drying Baking Microwave
Density (kg/m3)
water (w) 998 998 998
vapor (v) Ideal gas Ideal gas Ideal gas
air a Ideal gas Ideal gas Ideal gas
solid s 1528 [12] 1528 [12] 1528 [12]
Specific heat capacity (J/kg K)
water cpw Eq. 45 [16] 4180 [36] 4180 [36]
vapor cpv Eq. 46 [16]
air cpa 1006 [8]
solid cps 1650 [8] 1650 [8] 1650 [8]
Thermal conductivity (W/m K )
water kw Eq. 47 [16] 0.65 [36] 0.65 [36]
vapor kv 0.026 [8]
air ka 0.026 [8] 0.026 [8] 0.026 [8]
solid ks 0.21 [8] 0.21 [8] 0.21 [8]
Intrinsic permeability (m2)
water kpin;w 5  10 14 [36] 5  10 14 [36] 5  10 14 [36]
air and vapor kpin;g 10  10 14 10  10 14 10  10 14
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Table 2.1 (Continued)
Parameter Drying Baking Microwave
Viscosity (Pa s)
water w 5:468  10 4 5:468  10 4 5:468  10 4
air and vapor g 1:8  10 5 1:8  10 5 1:8  10 5
Heat transfer coefficient (W/m2K) h 20 [18] 15 [36] 15 [36]
Mass transfer coefficient (m/s) hm .01 [17] 0.007 [36] 0.007 [36]
Latent heat of vaporisation (J/kg)  2:26  106 2:26  106 2:26  106
Porosity  0.88 [36] 0.88 [36] 0.88 [36]
Vapor diffusivity in air (m2/s ) De ;g 2:6  10 6 2:6  10 6 2:6  10 6
Ambient pressure (Pa) Pamb 101325 101325 101325
Microwave surface flux (W/m2 ) F0 30000
0.01 m=s (Halder, 2010). The input parameters for drying are given in detail in
Table 2.1. The heat and mass transfer coefficients for the other two processes,
microwave heating and baking are also given in Table 2.1.
2.3.4 Model Implementation
The governing equations for a process model are first solved to obtain time-
dependent temperature andmoisture spatial profiles for the duration of the pro-
cess. A commercially available finite element software, COMSOL Multiphysics
3.5a (Comsol Inc, Burlington, MA), was used to solve the equations. The plane-
stress (small deformation) analysis is then performed using COMSOL to predict
the effective Young’s Modulus as a function of time (as described in detail in
Chapter 1).
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2.4 Materials and Methods
2.4.1 High temperature drying
To verify model predictions of temperature, moisture content and Young’s mod-
ulus during drying, experimental data were obtained for all three.
Potato samples (variety: Russet Idaho bought from a local grocery store)
were used to study the change in mechanical properties experimentally. The
potatoes were free of visible flaws. Thin samples (size 5  5  50 mm) of potato
were cut from the potato tuber. The averagemoisture content of a potato sample
was found to be around 4.0 db.
Drying was then carried out at temperatures of 120C, 130C and 140C in a
hot air oven (VWR International oven, Model 1415M, Sheldon Manufacturing
Inc., Cornelius, OR) for a period of 60 min each. Ten readings for Young’s mod-
ulus at several time steps were taken for each temperature. The higher tempera-
tures ensured that the potato samples reached their gelatinization temperatures
and a significant temperature effect was captured.
According to the ASAE recommendation, the moisture content was found
by drying the potato samples for 24 hours at 72C (Mazza, 1982). In our study,
it was found that the difference in mass at the end of the high-temperature dry-
ing process and after drying for 24 hours at 72C was less than 0.001g. This is
attributed to the small size (5mm thickness) of the sample and the high drying
temperature.
All samples that had been once used for measurement of either moisture
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or Young’s modulus were discarded. This work was replicated three times to
enhance confidence and check variability. This experiment indicated the depen-
dence of Young’s modulus on moisture content at constant temperature.
2.4.2 Mechanical property measurement
Experiments were performed to capture Young’s modulus of the material dur-
ing the drying process. Young’s modulus of the sample was measured using
compression tests in a Q800-0666-DMA Q800 Analyzer during the processes of
constant temperature drying, heating in water, and frying . The strain rate of
the probe was 1.0%, which is within the elastic range in the case of the potato
samples (Skinner, 1983). Young’s modulus was determined using the compres-
sion test at each stage of drying (at several levels of moisture). This was done
by applying a constant strain on the material for 30 seconds and measuring the
corresponding stress generated, from which Young’s modulus was obtained.
2.5 Results and Discussion
Temperature, moisture, and texture (Young’s modulus) development during
drying are predicted and compared with experimental results. The effects of
drying temperature and sample size on development of Young’s modulus are
predicted. Finally, the framework for texture prediction is extended to baking,
microwave heating, and frying, and comparative development of Young’s mod-
ulus in the four processes is discussed.
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2.5.1 Temperature, Moisture and texture (Young’s modulus) de-
velopment with time for drying
The moisture and temperature dependence of Young’s modulus, shown in
Fig. 2.2 and Table 2.2 respectively, are used to compute effective Young’s mod-
ulus. Figs. 2.3, 2.4, and 2.5 show, respectively, variation of core temperature,
average moisture content, and effective Young’s modulus with time for the pro-
cess of drying. Moisture loss is faster at higher drying air temperatures. Thus, as
shown in Fig. 2.6a, Young’s modulus increases faster with time for higher dry-
ing air temperatures. The same final value for Young’s modulus is predicted for
all drying air temperatures since the final moisture content is the same. Fig. 2.6b
also shows the time needed for each drying temperature to reach the same final
value of Young’s modulus. For the range of parameters considered here, there
is a linear decrease in time needed to reach the same value of Young’s modulus
as temperature increases.
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Table 2.2: Temperature dependence of Young’s modulus, in terms of first-
order reaction rate constant, k f , and activation energy, Ea, at two
temperatures (Thussu and Datta, 2010)
85C 95C
k f (/min.) Ea (kJ/mol) k f (/min.) Ea (kJ/mol)
0.372 53.95 0.1165 65.95
0.5595 92.83 0.1494 40.34
0.6579 70.93 0.4712 86.78
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Figure 2.2: Moisture dependence of Young’s modulus (Thussu and Datta,
2010). The points are measurements and the solid line shows
the data used as input parameters in mechanical analysis
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Figure 2.3: Variation of temperature at the core with time during drying
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Figure 2.4: Variation of average moisture content with time during drying
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Figure 2.5: Variation of Young’s modulus with time during drying
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Figure 2.7: (a) Change in Young’s modulus with sample size; (b) time
taken by the sample to reach the desired textural level
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2.5.2 Texture development during drying: Effect of sample size
Fig. 2.7a shows how Young’s modulus changes with time for variations in sam-
ple size. As the sample size increases, the fraction of its moisture lost per unit
time decreases. Volume increases much faster with greater sample size than
with greater surface area through which moisture loss occurs. For a larger sam-
ple, the crust that forms due to moisture loss at the surface is thinner compared
with the size of the sample. This leads to reduced effective modulus of the sam-
ple (since the inside is always soft, with a lower modulus value) for a larger size
for the same duration of heating. In other words, modulus development lags
in the larger sample, as expected qualitatively. Fig. 2.7b shows another way to
capture the size effect on modulus development. Here, time to reach the same
final modulus value is plotted for various sizes. Again, for the range of parame-
ters considered here, time taken by various sample sizes to reach the same final
value of Young’s modulus increases linearly with size.
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Figure 2.8: Comparing change in moisture content by process
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Figure 2.9: Comparing change in temperature by process
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2.5.3 Comparative texture development in four processes
The framework for texture (Young’s modulus) prediction, developed and veri-
fied in the previous sections for drying, would be more useful if it could be ex-
tended to prediction of texture in other processes. Note that the framework has
already been used successfully for frying (Thussu and Datta, 2010). To demon-
strate the more general applicability of the framework, it is extended to two
other processes, baking and microwave heating. Process models for baking and
microwave heating have been discussed under Problem Formulation. Fig. 2.10
compares average temperature, average moisture, and effective Young’s mod-
ulus development over time for all four processes side by side. Since the tem-
perature and moisture histories for each of the processes differ, the transient
texture development of the processes are also different. The process with the
fastest moisture loss (frying) produces the fastest texture development. It is
also instructive to compare the spatial variation of temperature and moisture
at a given time, for all four processes, which is shown in Figs. 2.8 and 2.9. As
can be seen in these figures, for a duration of 200 s of each of these processes,
frying achieves the lowest moisture, the highest temperature, and the desired
level of texture. As baking and drying are slower processes, there is still a sig-
nificant amount of moisture left. Figure 2.11 shows the time to reach a final
texture level, for each of the four processes. As expected, since frying produces
the fastest moisture loss, it takes the least time to develop the desired texture,
followed by microwave heating, drying, and baking.
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2.6 Conclusions
Change in effective Young’s modulus during drying of a potato sample was pre-
dicted starting from a physics-based model of the process and experimentally
observed temperature and moisture dependence on local modulus. Change in
the moisture content of the material had the most dominant effect on Young’s
modulus. Thus, at higher temperatures, where the moisture loss was faster,
predicted Young’s modulus showed the fastest increase. In a larger sample,
modulus development is slower since the fraction of moisture lost per unit time
decreases. For a given final modulus value, the required (drying) time increases
linearlywith any decrease in drying air temperature and increase in sample size.
The physics-based prediction of Young’s modulus (measure of texture), proven
here for drying and in past work for frying (Thussu and Datta, 2010) is extended
to baking and microwave heating. Comparative modulus development in four
processes-baking, drying, microwave heating and frying-is observed to follow
that order, i.e., frying produces the fastest increase in modulus and baking the
slowest. This order follows the order ofmoisture loss, since frying has the fastest
moisture loss and baking the slowest. The framework of texture (Young’s mod-
ulus) prediction thus developed and applied to four processes is considered
generally applicable to other moisture removal processes and therefore can be
used to predict texture for a wide variety and combination of processes.
Acknowledgement
This research was supported by United States Department of Agriculture AFRI
Grant 2009-65503-05800.
71
BIBLIOGRAPHY
[1] Alvarez, M. D., Canet W. and Tortosa, M.E. (2001). ”Kinetics of softening
of potato tissue by temperature fluctuations in frozen storage.” European
Food Research and Technology 212(5): 588-596.
[2] Balaban, M. and Pigott, G.M. (2009). ”Mathematical-model of simultane-
ous heat and mass-transfer in food with dimensional changes and vari-
able transport parameters ” Journal of Food Science 53(3): 935-939.
[3] Bentini, M., Caprara, C. and Martelli, R. (2009). ”Physico-mechanical
properties of potato tubers during cold storage.” Biosystems Engineering
104(1): 25-32.
[4] Bondaruk, J., Markowski, M., Blaszczak, W. (2007). ”Effect of drying con-
ditions on the quality of vacuum-microwave dried potato cubes ” Journal
of Food Engineering 81(2): 306-312.
[5] Borrega, M. and P. P. Krenlampi (2009). ”Three Mechanisms affecting the
Mechanical Properties of Spruce Wood dried at high temperatures.” Jour-
nal of Wood Science 56(2): 8.
[6] Bravo, J., Sanjuan, N., Ruales, J. and Mulet, A. (2009). ”Modeling the De-
hydration of Apple Slices by Deep Fat Frying.” Drying Technology 27(6):
782-786.
[7] Campos-Mendiola, R., Hernandez-Sanchez, H., Chanona-Perez, J.J.,
Alamilla-Beltran, L., Jimenez-Aparicio, A. Fito, P. and Gutierrez-Lopez,
G.F. (2007). ”Non-isotropic shrinkage and interfaces during convective
drying of potato slabs within the frame of the systematic approach to food
engineering systems (SAFES) methodology.” Journal of Food Engineering
83(2): 285-292.
[8] Choi, Y. and Okos, M. R., 1986, Thermal properties of liquid foods – re-
view, in Physical and Chemical Properties of Food, Okos, M. R. (editor),
American Society of Agricultural Engineers, St Joseph, MI, USA, pp 35-77.
[9] Datta, A. (2007). ”Porous media approaches to studying simultaneous
heat and mass transfer in food processes. I: Problem formulations.” Jour-
nal of Food Engineering 80: 80-95.
72
[10] Erbay, Z. and F. I. (2010). ”A Review of Thin Layer Drying of Foods: The-
ory, Modeling, and Experimental Results.” Critical Reviews in Food Science
and Nutrition 50(4): 441-464.
[11] Farid M.M. (2010). ”Mathematical Modeling of Food Processing”. CRC
Press, Boca Raton, Florida.
[12] Farkas, B.E., Singh, R.P. and Rumsey, T.R., 1996a, Modeling heat and mass
transfer in immersion frying. Part 1. Model development, Journal of Food
Engineering, 29(2): 211-226.
[13] Figura, L. O. and A. A. Teixeira (2007). Food physics: physical properties
– measurement and applications, Springer, Berlin; New York.
[14] Gibert, O., Giraldo, A., Ucles-Santos, J-R, Sanchez, T., Alejandro,F., Bo-
huon, P., Regnes, M., Gonzales, A., Pain, J-P and Dufour, D. (2010). ”A
kinetic approach to textural changes of different banana genotypes (Musa
sp.) cooked in boiling water in relation to starch gelatinization.” Journal of
Food Engineering 98(4): 471-479.
[15] Halder, A., A. Dhall, et al. (2007). ”An Improved, easily implementable,
porous media basedmodel for deep-fat frying Part I: Model Development
and Input Parameters.” Food and Bioproducts Processing 85(3): 209-219.
[16] Halder, A., Dhall, A. and Datta, A.K. (2007). ”An Improved, easily imple-
mentable, porousmedia basedmodel for deep-fat frying Part I: Model De-
velopment and Input Parameters.” Food and Bioproducts Processing 85(3):
209-219.
[17] Halder, A. (2010). A framework for multiphase heat and mass transport
in porous media with applications to food processes. Biological and Envi-
ronmental Engineering. Ithaca, Cornell University. PhD.
[18] Hanreich, G. and Nicolics, J. (2001). ”Measuring the natural convective
heat transfer coefficient at the surface of electronic components.” IEEE
Instrumentation and Measurement Technology Conference: 1045-1050.
[19] Hatamipour, M. S. andD.Mowla (2002). ”Shrinkage of carrots during dry-
ing in an inert medium fluidized bed.” Journal of Food Engineering 55(3):
247-252.
[20] Hernandez, J. A., Pavon, G. and Garcia, M.A. (2000). ”Analytical solu-
73
tion of mass transfer equation considering shrinkage for modeling food-
drying kinetics.” Journal of Food Engineering 45(1): 1-10.
[21] Kingcam R., Devahastin S., Chiewchan N. (2008). ”Effect of starch ret-
rogradation on texture of potato chips produced by low-pressure super-
heated steam drying ” Journal of Food Engineering 89(1): 72-79.
[22] Krokida, M. K., Tsami, E. and Maroulis, Z.B. (1998). ”Kinetics on color
changes during drying of some fruits and vegetables ” Drying Technology
16(3-5): 667685.
[23] Krokida, M. K., Maroulis, Z.B. and Marinos-Kouris, D. (1998). ”Viscoelas-
tic behavior of dehydrated carrot and potato ” Drying Technology 16:687-
703.
[24] Lazarescu, C., Avramidis, S. and Oliviera, L. (2010). ”Modeling Shrinkage
Response to Tensile Stresses in Wood Drying II. Stress-Shrinkage Correla-
tion in Restrained Specimens ” Drying Technology 28(2): 186-192.
[25] Lee, S. H., Datta, A.K. and Rao, M.A. (2007). ”How does cooking time
scale with size.” Journal of Food Science 72(1): E1-E10.
[26] Leeratanarak, N., Devahastin, S. and Chiewchan, N. (2006). ”Drying
kinetics and quality of potato chips undergoing different drying tech-
niques.” Journal of Food Engineering 77(3): 635-643.
[27] Maroulis, Z.B., Kiranoudis, C.T., Marinoskouris, D. (2005). ”Heat and
mass transfer modeling in air-drying of foods ” Journal of Food Engineering
26(1): 113-130.
[28] Mezhericher, M., Levy, A. and Borde, I. (2009). ”Heat and Mass Transfer
and Breakage of Particles in Drying Processes ” Drying Technology 27(7-8):
870-877.
[29] McMinn, W. A. M. and T. R. A. Magee (1996). ”Air drying kinetics of
potato cylinders.” Drying Technology 14(9): 2025-2040.
[30] Moyano, P.C., Troncoso, E. and Pedreschi, F. (2007). ”Modeling texture
kinetics during thermal processing of potato products ” Journal of Food
Science 72(2): E102-E107.
[31] Najjari, M. and S. Ben Nasrallah (2009). ”Heat Transfer Between a Porous
74
Layer and a Forced Flow: Influence of Layer Thickness ” Drying Technol-
ogy 27(3): 336-343.
[32] Nemat-Nasser, S. and M. Hori. (1999). ”Micromechanics : overall proper-
ties of heterogeneous materials.” 2nd rev. ed. Elsevier, Amsterdam ; New
York.
[33] Ngalani, J.A. and Tchango Tchango, J. (1998). ”Cooking qualities and
physicochemical changes during ripening in some banana and plantain
hybrids and cultivars.” Acta Horticulture 490: 571-576.
[34] Nisha, P., Singhal, R.S., Pandit, A.B. (2006). ”Kinetic modelling of texture
development in potato cubes (Solanum tuberosum L.), green gram whole
(Vigna radiate L.) and red gram splits (Cajanus cajan L.) ” Journal of Food
Engineering 76(4): 524-530.
[35] Ni, H., Datta, A.K. (1999). ”Heat and moisture transfer in baking of potato
slabs ” Drying Technology 17(10): 2069-2092.
[36] Ni, H., Datta, A.K., Torrence, K.E. (1999). ”Moisture transport in intensive
microwave heating of biomaterials: a multiphase porous media model.”
International Journal of Heat and Mass Transfer 42(8): 1501-1512.
[37] Nourian, F. and H. S. Ramaswamy (2003). ”Kinetics of Quality Change
during Cooking and Frying of Potatoes: Part 1. Texture ” Journal of Food
Process Engineering 26(4): 377-394.
[38] Pang, S. andQ. Xu (2010). ”Drying ofWoody Biomass for BioenergyUsing
Packed Moving Bed Dryer: Mathematical Modeling and Optimization.”
Drying Technology 28(5): 702-709.
[39] Park, K. J. (1998). ”Diffusional model with and without shrinkage during
salted fish muscle drying ” Drying Technology 16(3-5): 889 905.
[40] Pedreschi, F., Moyano, P. and Kaack, K. (2005). ”Color changes and acry-
lamide formation in fried potato slices ” Food Research International 38(1):
1-9.
[41] Qi, B. X., Moore, K.G. and Orchard, J. (2000). ”Effect of cooking on banana
and plantain texture ” Journal of Agriculture and Food Chemistry 48(9): 4221-
4226.
75
[42] Scanlon (2004). ”A fracture mechanics analysis of the texture of fried
potato crust.” Journal of Food Engineering 62(4): 417-423.
[43] Sablani, S. S., Datta, A. K., Rahman, M. S. and Majumdar, A. S. (2007).
”Handbook of Food and Bioprocess Modeling Techniques” CRC Press,
Taylor Francis Group, Boca Raton, Florida. ISBN 0-8247-2671-5. 605 pages.
[44] Shiotsubo, T. (1984). ”Gelatinization Temperature of Potato Starch at the
Equilibrium State ” Agricultural and Biological Chemistry 48(1): 1-7.
[45] Skinner, G. E. (1983). Rheological modeling using linear viscoelastic as-
sumptions in static creep and relaxation. Food Science. Athens, University
of Georgia. Master’s.
[46] Srikiatden, J. and J. S. Roberts (2008). ”Predicting moisture profiles in
potato and carrot during convective hot air drying using isothermally
measured effective diffusivity.” Journal of Food Engineering 84(4): 516-525.
[47] Tatemoto, Y., Kimura, R. and Iyota, H. (2009). ”Effect of Humidity on Dry-
ing of Porous Materials in Fluidized Bed under Reduced Pressure.” Dry-
ing Technology 27(3): 437-444.
[48] Thussu, S. and Datta, A.K. (2010). ”Texture Prediction During Deep Fry-
ing: A Mechanistic Approach.” Biological and Environmental Engineer-
ing. Ithaca, Cornell University. Master’s.
[49] Tijskens, L. M. M., and Luyten, H. (2004). ”Modelling food texture”, p.
3-32. D. Kilcast (ed.), Texture in food: volume 2: solid foods. Woodhead
Publishing Group (CRC Press), Boca Raton, FL.
[50] Verlinden, B. E. and B. M. B. Nicola, Josse De (1995). ”The starch gela-
tinization in potatoes during cooking in relation to the modelling of tex-
ture kinetics ” Journal of Food Engineering 24(2): 165-179.
[51] Vickers, Z. M. and C. M. Christensen (1980). ”Relationships between sen-
sory crispness and other sensory and instrumental parameters ” Journal of
Texture Studies 11: 291-307.
[52] Walstra, P. (2003). ”Physical chemistry of foods.” Marcel Dekker, New
York.
76
[53] Wang, N. and J. G. Brennan (1995). ”A mathematical-model of simultane-
ous heat and moisture transfer during drying of potato ” Journal of Food
Engineering 24(1): 47-60.
[54] Wang, R., Zhang, M. and Mujumdar, A.S. (2010). ”Effect of Osmotic De-
hydration on Microwave Freeze-Drying Characteristics and Quality of
Potato Chips ” Drying Technology 28(6): 798-806.
77
